INTRODUCTION
Influenza A virus has always been a major cause of morbidity and mortality throughout history. Both the ability of the virus genome to mutate at a very high rate and its special gene segment-reassortment mechanism often lead to the emergence of highly virulent strains that may potentially become the cause of a pandemic, or at least some panic worldwide, for example the recent outbreak of swine-origin influenza A (H1N1).
2003, H5N1 re-emerged and reached epizootic levels in domestic fowl and even spread to wild birds. In April 2005, a large-scale outbreak of H5N1 infection occurred in migratory waterfowl in Qinghai Lake Nature Reserve of western China, killing more than 6000 wild birds (Chen et al., 2005 (Chen et al., , 2006 Liu et al., 2005; Wang et al., 2008; Zhou et al., 2006a) . Since then, migratory birds have been recognized as a significant source of international spread of HPAIV (Kilpatrick et al., 2006; Normile, 2006; Olsen et al., 2006; Wang et al., 2008) . Between December 2003 and 23 April 2009, 421 human H5N1 infection cases and 257 deaths were detected in 15 countries (WHO, 2009) , although so far no sustained human-to-human transmission has been found. However, the possibility of a human influenza pandemic resulting from either mutations or avian-origin virus reassortments with human strains caused great international concern and pandemic preparedness has been accelerated (Salomon & Webster, 2009 ).
In addition to the antibody-induced humoral immune response, cellular immunity plays a variety of roles in defending against influenza virus infection and these have been increasingly documented (Bender & Small, 1992; Rimmelzwaan et al., 2007; Thomas et al., 2006; Yap et al., 1978) . In many observations, influenza virus-specific cytotoxic T lymphocytes (CTLs) target mainly viral internal proteins (Gotch et al., 1987; Kees & Krammer, 1984; Townsend & Skehel, 1984; Wahl et al., 2009) . As a result, many studies have focused on the cross-reactive CTL response against internal proteins conserved between the H5N1 influenza subtype and seasonal influenza viruses, assuming that a cross-reactive CTL response against the conserved regions of the viral proteome may provide partial protection against H5 influenza virus and dampen the impact of the next pandemic (Ahmed et al., 2007; Doherty & Kelso, 2008; Heiny et al., 2007; Kreijtz et al., 2008; Lee et al., 2008) .
Although there are lines of evidence that the viral surface haemagglutinin (HA) elicits a CTL response (Bennink et al., 1984; Townsend et al., 1986; Wabuke-Bunoti et al., 1984) , HA-specific CTL epitopes are rare compared with those specific for the viral internal proteins. HA glycoproteins are responsible for virus binding to host receptors, enabling entry into the host cell through endocytosis and subsequent membrane fusion (Wilson & Cox, 1990) . HA is recognized as the primary target of neutralizing antibodies and is an important target for both drug and vaccine development (Stevens et al., 2006) . However, the role of HA in CTL-based cellular immunity and the major histocompatibility complex (MHC or HLA in humans)-restricted HA epitopes are poorly understood. In the present study, we have successfully identified CTL epitopes in H5 HA restricted by HLA-A*0201 and have shown an immune response in patients who have recovered from H5N1 infection. HLA-A*0201 is an allele expressed by nearly half of the world's population and the peptide-HLA (pHLA) complexes defined here are clearly seen by X-ray crystallography, confirming the authenticity of the epitope presentation.
RESULTS
Selection of potential HLA-A*0201-binding peptides within the H5 protein Based on BIMAS software analysis, 15 candidate nonameric and decameric peptides with the highest estimated half-life of dissociation were synthesized (Table 1) . To evaluate the binding ability of these peptides to the HLA-A*0201 molecule, we employed a peptide-induced stabilization assay (complex refolding) of HLA-A*0201 heavy chain and b2 microglobulin (b2m) in vitro. In this experiment, the correctly refolded complex is detected if the right peptide is presented by the HLA heavy chain and b2m. Among the 15 synthesized peptides, nine could be refolded with HLA-A*0201 heavy chain and b2m molecules (Fig. 1) . To further test the peptide presentation of HLA-A*0201, a T2 cellbinding assay was employed, which measures the increase of HLA-A*0201 molecules induced on the surface of T2 cells following exposure to an exogenous HLA-A*0201-binding peptide. As they are a TAP-defective HLA-A2-expressing cell line, T2 cells cannot present endogenous peptides. However, when T2 cells are exposed to an exogenous HLA-A2-binding peptide, the expression of HLA-A2 molecules on the cell surface will increase, because peptide binding stabilizes the HLA-A2 molecules on the cell surface. Among nine candidate peptides that can refold with HLA-A*0201, seven could be presented on the cell surface (Table 1) .
CTL epitope-induced gamma interferon (IFN-c) production in HLA-A2.1/K b transgenic (Tg) mice by vaccinia-H5 or pcDNA3.0-H5 immunization In order to examine whether the peptides that can bind to the HLA-A*0201 molecule are able to induce a CTL epitope-specific response, we immunized HLA-A2.1/K b Tg mice using vaccinia virus expressing the H5 HA of H5N1 virus strain A/bar-headed goose/Qinghai/1/05 (vaccinia-H5) three times at an interval of 4 weeks. The splenocytes were isolated 10 days after the last immunization and a peptide-specific putative CTL response was detected by ELISPOT assay. (As cells were stimulated with CTL epitopes, we presumed that the IFN-c was produced by CD8 + cells and referred to it as a putative CTL response, although we did not do a CTL killing assay. IFN-cproducing CD4
+ or cd T cells cannot be ruled out completely.) A significantly higher number of spot-forming cells (SFCs) were produced in the splenocytes from vaccinia-immunized HLA-A2.1/K b Tg mice compared with those from PBS-immunized HLA-A2.1/K b Tg mice (P,0.05, t test), suggesting that vaccinia-H5 immunization induced a high IFN-c-producing response. Noticeably, in the splenocytes of mice immunized with vaccinia-H5, DThe peptides are denominated with their first and last residue code and the number of their residues. If two peptides have the same name, then one of them is denominated by the first two residue codes, the last residue code and the number of their residues (e.g. VLL-9). dEstimated half-time of dissociation (T 1/2 ) of HLA-A*0201 peptide complexes, calculated by using BIMAS (http://bimas.dcrt.nih.gov/molbio/hla_ bind/index.html). §In the refolding assay, if an elution peak representing the complex of the peptide and HLA-A*0201 appears in gel filtration, the peptide is thought to be able to bind to HLA-A*0201 and is defined as +; otherwise it is defined as -. ||In the T2-cell binding assay, the affinity of the peptide to HLA-A*0201 is measured by the fluorescence index (FI; see Methods). If the FI of a given peptide is ¢1, it is defined as +; otherwise it is defined as -. P15 (KI-10) is a variant of P6 (RI-10), found in the HA sequence of some human H5N1 virus isolates. # P16 (GL-9), the HLA-A*0201-restricted influenza virus M1 (58-66) peptide, was used as a positive control for HLA-A*0201-binding ability. **P17 (CM-9), the Mamu-A*01 restricted (SIV)-derived peptide gag (aa 181-189), was used as negative control. Fig. 1 . Peptide-induced stabilization assay of HLA-A*0201 molecules by refolding. In the refolding assay, the refolded complexes, eluted with the expected molecular mass of 45 kDa, were analysed by FPLC Superdex G200 gelfiltration chromatography. The positive control GL-9 peptide is HLA-A*0201-restricted influenza virus M1 aa 58-66 (GILGFVFTL) and the negative control CM-9 peptide is a non-HLA-A*0201-restricted unrelated peptide derived from SIV. Peptides KV-9, LV-9, QV-9, VL-9, TV-9, FI-10, RI-10, YV-10 and KI-10, which could refold with HLA-A*0201 heavy chain and b2m, showed peaks with an elution volume of 15 ml in comparison with other peptides.
the numbers of SFCs increased significantly in the presence of two overlapping decameric peptides, RI-10 (RLYQNPTTYI) and YV-10 (YQNPTTYISV), compared with that in the absence of peptide stimulation (NS) (P,0.01 and P,0.05, respectively; Student's t test). In contrast, with the stimulation of other candidate peptides, the numbers of SFCs did not increase significantly (Fig.  2a) .
Because there were many IFN-c-producing cells in the absence of peptide stimulation in the splenocytes of vaccinia-H5-immunized Tg mice, the SFCs increased by only about two times with the stimulation of RI-10 and YV-10, although the statistical difference is significant. However, when we stimulated the splenocytes of the Tg mice immunized with pcDNA3.0-H5 with the eight peptides refolded with HLA-A*0201 molecules, RI-10 and YV-10 elicited a vigorous response (P,0.01 compared with NS; Student's t test). These results suggested that, among the eight peptides that could refold with HLA-A*0201, only RI-10 and YV-10 were naturally processed CTL epitopes with potent antigenicity (Fig. 2b) .
Induction of CTL epitope-specific IFN-c-producing T cells in HLA-A2.1/K b Tg mice by peptide immunization
In order to further examine the antigenicity of RI-10 and YV-10, we immunized HLA-A2.1/K b Tg mice with RI-10, YV-10 or GL-9 peptide. This was done following our previous regime by using incomplete Freund's adjuvant and murine GP96 N-terminal fragment N333 as adjuvant, which has been confirmed to be very effective . The peptide-specific IFN-c-producing T-cellresponse was detected by ELISPOT assay and tetramer staining. After immunization with the peptides three times at intervals of 2 weeks in vivo and stimulation with the peptides for 2 weeks in vitro, peptide-specific T cells were detected. The ELISPOT assay showed that RI-10 induced a significant IFN-c response that was even higher than that with the influenza dominant epitope GL-9 (P,0.01, Student's t test). YV-10 also induced a certain degree of IFN-c response, but it was much weaker than that induced by RI-10 (P,0.01, Student's t test) and was not significantly different from the control group (P.0.05, Student's t test; Fig. 3a) . Similarly, tetramer staining also showed that RI-10 elicited a robust CTL epitope-specific CD8 + T-cell response and that RI-10-specific CD8 + cells accounted for 20.6 % of CD8 + T cells, whereas the proportion of GL-9-specific CD8 + cells was 10.1 % (Fig.  3b) . However, YV-10 induced a much weaker specific CD8 + T-cell response and the proportion of YV-10-specific CD8 + T cells was only 2.3 %. These results suggest that RI-10 is a CTL epitope with potent antigenicity, but that the antigenicity of YV-10 is much weaker in this scenario.
The reason that YV-10 elicited a comparable response with RI-10 in vaccinia-H5-immunized HLA-A*0201/K b Tg mice, but induced a much weaker CD8 + T-cell response in peptide-immunized Tg mice, is unknown. However, YV-10 may not bind well to HLA-A2 because it does not harbour a typical anchor motif for HLA-A2. Indeed, it showed a much lower binding affinity for the HLA-A*0201 molecule on the cell surface in the T2 cell-binding assay compared with RI-10 (data not shown), in spite of its ability to bind to HLA-A2 in the refolding assay.
We did not test KI-10 in the Tg mice, although it showed obvious binding to the HLA-A*0201 molecule in the refolding/T2 assays, because it is different from RI-10 only in the first residue. The first residue of both peptides is a basic amino acid. We speculated that KI-10 would share similar antigenicity with RI-10. This was confirmed by in 20 ml PBS or PBS alone at weeks 0, 4 and 8. Ten days after the final boosting, splenocytes were isolated and CTL epitope-specific IFN-c-producing cells were evaluated by ELISPOT assay. In the ELISPOT assay, splenocytes were stimulated in vitro in the presence of 20 U interleukin-2 (IL-2) ml "1 and 20 mM of the designated peptide for 24 h. NS represents cells that were cultured in the absence of any peptide. * (P,0.05) and ** (P,0.01) indicate significant differences between peptides and NS, using Student's t test.
detection of a specific CD8
+ T-cell response in the peripheral blood mononuclear cells (PBMCs) of patients who had recovered from H5N1 infection in the following experiments.
Detection of CTL epitope-specific CD8
+ T cells in PBMCs of patients who had recovered from avian influenza virus (AIV) infection
In order to confirm whether the results obtained in HLA-A2 Tg mice could also be applied to humans, we examined whether RI-10 and its variant KI-10 could induce a CTL epitope-specific CD8 + T-cell response in PBMCs from human samples. We do not exclude the possibility that other candidate peptides that can bind to the HLA-A2 molecule, but do not induce a CTL response in HLA-A*0201/K b Tg mice, may induce a CTL epitope-specific response in humans. All HLA-A2-binding peptides will be tested in human samples when more blood samples of HLA-A2-positive patients who have recovered from H5N1 virus infection are available to us. Here, we focus on the most promising candidates, RI-10 and its variant KI-10, due to sample limitation. PBMC samples were collected from an HLA-A2-positive healthy donor and three survivors of AIV H5N1 infection. Two of the survivors are HLA-A*0201-positive (named LXC and HJR) and one is HLA-A2-negative. The samples of the three patients were collected about 15-18 months after the onset of disease. The PBMCs were stimulated for 7 days in the presence of 10 mM RI-10, KI-10 or GL-9 peptide and 20 U recombinant human IL-2 (rhIL-2) ml 21 . They were then stained with RI-10-HLA-A*0201, KI-10-HLA-A*0201 or GL-9-HLA-A*0201 tetramer. The proportion of peptide-specific and crossreactive CD8
+ T cells was detected by flow cytometry. As shown in Fig. 4 , when stained with RI-10 or KI-10-tetramer, CTL epitope-specific CD8 + T cells were detected in the PBMCs of patient LXC at 1.5 and 0.5 % in CD8 + T cells, respectively. The proportions of CTL epitope-specific CD8 + T cells for RI-10 and KI-10 in the PBMCs of patient HJR were 1.8 and 2.7 %, respectively. When staining the PBMCs with GL-9 (a common HLA-A*0201-restricted CTL epitope) tetramer, specific CTLs were detected at 1.2 and 0.2 % in CD8 + T cells in the two PBMC samples, which are both slightly lower than the values of the specific RI-10 or KI-10 tetramer staining. In contrast, the CTL epitope-specific CD8 + T cells could not be detected with RI-10, KI-10 or GL-9 tetramer staining in PMBCs of the HLA-A2-negative AIVrecovered patient. Specific CTLs were not detectable with RI-10 or KI-10 tetramer staining in the PBMCs of an HLA-A2-positive healthy control, but the proportion of GL-9-specific CTLs was 1.1 % in his CD8 + T cells.
Crystal structures of the HLA-A*0201 complexes with RI-10 or KI-10 peptide
The RI-10-HLA-A*0201 and KI-10-HLA-A*0201 complexes were both crystallized in the P1 space group. The crystals diffracted X-rays to 2.3 and 2.2 Å resolution for the RI-10 and KI-10 complexes, respectively ( Table 2 ). The structures were determined by molecular replacement, using a previously determined HLA-A2 structure as the search probe (PDB accession no. 1JF1). The RI-10-HLA-A2 complex structure has been refined to R work and R free of 20.2 and 24.7 %, respectively. The KI-10-HLA-A2 complex structure has been refined to R work and R free of 19.2 and 23.7 %, respectively. The crystallographic asymmetrical unit contains four complex molecules with the peptides adopting the same conformation and there were no direct lattice contacts involving the peptides. The electron densities of RI-10 and KI-10 peptides unambiguously identify their anchor residues Leu2 and Ile10, which point . Splenocytes were harvested 10 days after the last immunization and stimulated in the presence of 20 U IL-2 ml "1 and 10 mM peptide for 2 weeks in vitro. Then, the cells were harvested for ELISPOT assay (a) and tetramer staining (b) as described in Methods. ** indicates a significant difference (P,0.01, Student's t test).
downwards and tether the peptides in the antigen-binding groove (Fig. 5a, b) .
Except for the side chain of the first amino acid (Arg for RI-10 and Lys for KI-10), the three N-terminal and the two C-terminal residues of RI-10 and KI-10 superimpose well. However, the conformations of the main chains and the side chains of the central residues of RI-10 and KI-10, from Gln4 to Thr8, show significant differences, in spite of their similar sequences (Fig. 5c, d ). The root mean square (RMS) deviation is 1.367-1.606 between any RI-10 and KI-10 peptide chain of the four complex molecules in their respective asymmetrical unit. The peptides are in the same conformation in the four molecules in one asymmetrical unit (RMS deviation ¡0.280 between any two peptide chains of the four complex molecules in the same asymmetrical unit). The conformational difference between RI-10 and KI-10 is not caused by lattice contact. A previous study suggested that a single amino acid substitution could alter the entire conformation of the bound peptide (Madden et al., 1993) . Subsequent studies have demonstrated that even subtle changes in anchor residues can change the peptide-MHC (pMHC) surface.
For example, as in the HLA-B8 human immunodeficiency virus 1 (HIV-1) gag p17 structure, substitution of arginine for lysine at the anchor of position 5 (Reid et al., 1996) . More importantly, evidence has shown that N-terminal residues are energetically important and that chemical modification or removal of the N-terminal residue of the bound peptide lowers the stability of complexes of HLA-A2 and peptide. In these studies, chemical modification or removal of the N-terminal residue does not alter the conformation of the peptides significantly unless they are involved in direct lattice contact (Bouvier et al., 1998; Khan et al., 2000) . Therefore, it is a novel finding that a subtle change of the N-terminal residue of the bound peptide may profoundly impact the whole conformation of the central residues.
For both RI-10 and KI-10, the main chains of the centrally located residues formed arches centred at Pro6 and tended to protrude out of the antigen-binding groove at this site. Gln4, Pro6 and Tyr9, whose side chains point upwards, are the most exposed residues as measured by the solventaccessible surface and these are the most probable recognizing sites for the T-cell receptors (TCRs). 
DISCUSSION
Immune responses against influenza A virus have been characterized intensively for several decades and over 100 CTL epitopes within numerous subtypes and strains have been identified. Nevertheless, little work has been done on the highly pathogenic H5N1 subtype (Bui et al., 2007) . In this study, we successfully identified a strongly immunogenic CTL epitope in the H5 HA protein by using a strategy that was applied in screening and identification of CTL epitopes of severe acute respiratory syndrome coronavirus in our laboratory, i.e. starting from a computer motif (Braciale et al., 1989; Cao et al., 1996) . The former epitope H2 HA204-212 is immunodominant, eliciting vigorous CTL responses in BALB/c mice immunized with A/Japan/57 virus, whereas H2 HA210-219 is sub-immunodominant (Braciale et al., 1989; Cao et al., 1996) . The RI-10 and KI-10 epitopes identified in this study share certain sequence similarity with H2 HA204-212. This may imply that this region is a 'hot spot' for a putative CTL response against influenza A virus. Although YV-10 elicits a comparable CTL epitope-specific response with RI-10 in Tg mice immunized with vaccinia-H5 or pcDNA3.0-H5, it induces a much weaker CTL epitope-specific response in the peptideimmunized Tg mice. Therefore, we focused on RI-10 and its variant KI-10 in this study.
Here, we show that RI-10/KI-10 induced a significant CTL epitope-specific response in patients who had recovered from H5N1 infection and carried the HLA-A2 + haplotype. It is noteworthy that virus sequence from patient HJR has a KI-10 epitope, but that patient LXC's virus sequence is not available for this region. Our results are somewhat unexpected, because RI-10 and KI-10 induced a higher CTL epitope-specific response than the GL-9 epitope. The GL-9 epitope is suggested as a dominant CTL epitope in influenza A virus infection (Stewart-Jones et al., 2003) . As the HA of influenza A virus does not have more copies and is not expressed earlier than the matrix protein, the dominance of RI-10 and KI-10 observed here is worthy of future investigation. Furthermore, the sequences of RI-10 and KI-10 not only harbour typical anchor residues for HLA-A2, but also match the requirement of TAP transporter binding perfectly. Namely, they each possess a basic amino acid residue (Arg or Lys) stabilized at position 1, and contain favoured hydrophobic and aromatic residues at positions 2 and 3 (Uebel & Tampe, 1999; Uebel et al., 1997) . Our results suggest that the hierarchy of CTL response against highly pathogenic H5N1 virus may be different from those of other human influenza A virus subtypes, such as H1N1 and H3N2. It is necessary in the future study to re-evaluate the relative roles played by these newly identified CTL epitopes in comparison with those in other influenza A virus subtypes.
We present the crystal structures of RI-10 and KI-10 in a complex with HLA-A*0201 and b2m. To the best of our knowledge, these are the second crystal structures to be released of influenza virus-derived CTL epitopes restricted by HLA-A*0201 in addition to the dominant epitope GL-9. The most interesting finding is that the two peptides, RI-10 and KI-10, adopt different conformations in their central residues, from Gln4 to Thr8, despite their sequence similarity. It is unknown whether RI-10 and KI-10 can be recognized by a single TCR or whether their responding TCR repertoires are actually not cross-reactive. Despite the conformational difference between the two peptides, they may still be recognized by a single TCR, because conformational adjustment can be adopted at the binding interface when pMHC engages TCR. For example, Lee et al. (2004) demonstrated that the immunodominant HLA-A2-restricted HIV gag epitope (SLFNTVATL) and its variant (SLYNTVATL) show marked differences in structure when bound to HLA-A2. However, their on-rate kinetics of TCR binding were identical, implying that conformational changes at the TCR-peptide-MHC binding interface occur after an initial permissive antigen contact (Lee et al., 2004) . In our observations, RI-10 and KI-10 are cross-reactive in tetramer staining in the PBMCs of patients who have recovered from H5N1 virus infection. The characterization of their responding TCR repertoires should be demonstrated in the near future.
HA sequence alignment shows that the sequences of RI-10/ KI-10 are unique compared with relevant 10-mer peptide sequences from seasonal 'flu (H1 or H3) and other subtypes of influenza virus. However, the sequences relevant to RI-10/KI-10 in the HA of serotypes H1 and H3 (and most other serotypes) also have a leucine as the second residue and most of these sequences have a valine or isoleucine as the last residue (Fig. 6) . In other words, most of these sequences have typical anchor residues for HLA-A2. Therefore, it is highly possible that these relevant peptides can also bind to HLA-A2. However, whether they can also elicit a significant CD8 + T-cell response should be demonstrated in a future study. Even if they can induce a certain CD8 + T-cell response, it is less likely that the response is cross-reactive to RI-10/KI-10, because the central part of RI-10/KI-10 is largely different from that of the HA proteins of other serotypes (Fig. 6) . At least in our experiment, we did not observe any cross-reactivity between RI-10/KI-10 and seasonal 'flu (H1 or H3). As shown in Fig. 4 , GL-9-specific CD8 + T cells could be detected in the PBMCs of the HLA-A2
+ healthy donor, suggesting that the donor used to be infected by seasonal 'flu. However, no RI-10/KI-10-specific CD8 + T cells were detected in the healthy donor's PBMCs, so our data do not support a cross-reaction between RI-10/KI-10 and their relevant putative epitopes in seasonal 'flu.
The strong immunogenicity of RI-10 and KI-10 that we observed suggests that they are potential targets for the design of new vaccines. However, whether they can induce any protection against H5N1 virus or whether they actually may have a pathogenic effect during H5N1 infection remains to be elucidated. Nevertheless, RI-10 and KI-10 might be useful diagnostic markers for the surveillance of a specific CTL response associated with H5N1 virus infection.
METHODS
Prediction of epitopes and synthesis of peptides. Sequences of potential HLA-A*0201-binding peptides within the HA protein were based on a Qinghai strain of H5N1 isolated from Qinghai Lake in May 2005 (A/bar-headed goose/Qinghai/1/05) (Liu et al., 2005) . A computer-based program was applied with access through the BioInformatics and Molecular Analysis Section (BIMAS) HLA Peptide Binding Predictions website (http://bimas.dcrt.nih.gov/ molbio/hla_bind/index.html; Bertoletti et al., 1994) . Nonamer and 10-mer peptides with a high estimated half-life of dissociation (T 1/2 ) were synthesized and the purity was determined to be approximately 90 % by analytical HPLC profile and mass spectrometry. As a positive control for HLA-A*0201-binding ability, the HLA-A*0201-restricted influenza virus matrix 1 (M1) protein-derived peptide GL-9 (GILG-FVFTL; synthesized) was used. The Mamu-A*01-restricted simian immunodeficiency virus type 1 (SIV-1)-derived peptide CM-9 (CTPYDINQM; synthesized) (Chu et al., 2007) was used as a negative control. Lyophilized peptides were stored in aliquots at 280 uC.
Detection of the binding of potential T-cell epitopic peptides to HLA-A*0201 molecules on T2 cells. The T2 cell line was a generous gift from the late Professor Weifeng Chen (Peking University Health Science Center, PR China). A peptide-induced stabilization assay of the HLA-A*0201 molecules expressed by T2 cells was performed by using a previously described method (Gricks et al., 2001; Kuzushima et al., 2001; Passoni et al., 2002) . Briefly, T2 cells were incubated with 50 mM candidate peptides and 1 mM human b2m (Sigma) in serumfree RPMI 1640 medium (Life Technologies) for 18 h at 37 uC in a 5 % CO 2 incubator. Expression of HLA-A*0201 on the T2 cells was then determined by staining with fluorescein isothiocyanate (FITC)-labelled anti-HLA-A2 mAb BB7.2 (Serotech) and detected by flow cytometry using FACScan (BD Biosciences). Data analysis was performed using CELLQUEST software (BD Biosciences). The fluorescence index (FI) was calculated as follows: FI5(mean FITC fluorescence with the given peptide2mean FITC fluorescence with the negative control peptide)/(mean FITC fluorescence with the negative peptide). Peptides with FI¢1 were arbitrarily regarded as high-affinity candidate epitopes (Zhou et al., 2006b ).
Refolding of computer-predicted peptides with HLA-A*0201 heavy chain and b2m. Refolding was performed as described previously with minor modifications (Garboczi et al., 1992) . Briefly, HLA-A*0201 heavy chain (extracellular domain aa 1-275) and b2m were expressed in Escherichia coli with the pET prokaryotic expression system (Novagen Inc.) as inclusion bodies. The inclusion bodies were separately dissolved in a solution of 10 mM Tris/HCl (pH 8.0) and 8 M urea. The synthetically prepared peptide was dissolved in DMSO (Sigma). HLA-A*0201 heavy chain, b2m and peptide were subsequently injected at a molecular ratio of 1 : 1 : 3 into a diluted solution (100 mM Tris/HCl, 400 mM L-arginine-HCl, 2 mM sodium EDTA, 0.5 mM oxidized glutathione, 5 mM reduced glutathione; Sigma). After stirring at 4 uC for 24-48 h, the soluble refolded portion was concentrated and then purified by chromatography on a Superdex G-200 size exclusion column (Amersham Pharmacia Biotech) to monitor the correctly refolded pHLA complex.
Immunization of mice with vaccinia virus or pcDNA3.0 vector expressing H5 HA. Vaccinia virus (Tiantan strain) with an insert of the Qinghai Lake H5N1 virus HA-protein-encoding gene (vaccinia-H5) was a gift from Professor Zhiwei Chen (AIDS Institute, University of Hong Kong, PR China). The pcDNA3.0 vector inserted with the Qinghai Lake H5N1 virus HA-protein-encoding gene (pcDNA3.0-H5) was constructed by cloning the Qinghai Lake H5N1 virus HA-protein-encoding gene into the pcDNA3.0 vector using BamHI and XhoI restriction sites. HLA-A2.1/K b Tg mice (Vitiello et al., 1991) , in which a chimeric form of human HLA-A*0201 heavy-chain a1 and a2 domains and mouse H2-2K b a3, transmembrane and cytoplasmic domains were produced, were a generous gift from Professor Xuetao Cao (Institute of Immunology, Second Military Medical University, PR China). Tg mice were bred in a pathogen-free facility. Cell-surface HLA-A2.1 expression was assessed by flow cytometry using FITC-labelled anti-HLA-A2 mAb BB7.2. Female HLA-A2.1/K b Tg mice, 6-8 weeks old, were immunized by intramuscular injection with vaccinia-H5 (3.0610 6 p.f.u. in 20 ml PBS) at weeks 0, 4 and 8. Spleens were recovered 10 days after the last immunization, dispersed with a syringe plunger and passed through cell strainers. Erythrocytes were lysed with 0.83 % ammonium chloride lysis solution (0.83 % NH 4 Cl, 0.26 % Tris-HCl, pH 7.2). Splenocytes were then washed and resuspended. Specific IFN-c-producing cells were detected by an ELISPOT assay (Lagging et al., 1995; Wang et al., 2008) . For pcDNA3.0-H5 immunization, the Tg mice were injected intramuscularly with 60 mg pcDNA3.0-H5 plasmid at weeks 0, 4 and 8. The splenocytes were prepared and the IFN-c-producing cells were measured as described above. All studies and procedures involving Tg mice were approved by the Animal Care and Use Committee of the Institute of Microbiology, CAS.
Immunization of mice with peptide using gp96 N-terminal fragment as an adjuvant. The peptide-immunization experiments were carried out as described previously using the N-terminal fragment of the murine glycoprotein 96 (gp96) as an adjuvant . Briefly, female HLA-A2.1/K b Tg mice (Vitiello et al., 1991) , 6-8 weeks old, were immunized subcutaneously at multiple sites with a mixture of peptides, incomplete Freund's adjuvant (Difco) and the N-terminal fragment N333 (aa 22-355) of murine gp96, three times with intervals of 2 weeks. The injection volume was adjusted to 200 ml for each animal. Specific IFN-c-producing cells were detected by ELISPOT assay and tetramer staining 10 days after the last immunization.
Detection of peptide-CTL epitope-specific CD8 + T cells in PBMCs of AIV-recovered donors. PBMCs were isolated from the whole blood of donors who had recovered from AIV infection in addition to blood from healthy controls. The AIV-infection-recovered donors were sampled between 15 and 18 months after onset of disease. The expression of HLA-A2 was determined by FITCconjugated anti-HLA-A2 mAb BB7.2 (Serotech) staining and cytometry. PBMCs were cultured with the peptides at a concentration of 10 mM in RPMI 1640 medium containing 10 % fetal calf serum (Hydone) and 20 U rhIL-2 ml 21 (R&D Systems) in a 24-well culture plate. Half of the media were changed every 3 days supplemented with rhIL-2 at 20 U ml 21 . After 1 week, cells were harvested and tested for the presence of peptide-specific CD8 + T cells by tetramer staining.
ELISPOT assay. The ELISPOT assay was performed by using a commercially available kit (U-Cytech). A 96-well PVDF-backed plate was pre-coated with an anti-IFN-c mAb overnight at 4 uC. The plate was blocked with blocking buffer for 1 h at 37 uC. Murine splenocytes or human PBMCs were dispensed at a predetermined density of 10 6 ml 21 in triplicate wells. To stimulate the effector cells, 20 mM peptide was added. The plate was incubated at 37 uC for 24 h. Subsequently, cells were removed and the plate was processed according to the manufacturer's instructions. The coloured spots, representing epitope-specific IFN-c-producing T cells, were counted by using an automatic ELISPOT reader. Only brown-coloured spots with fuzzy borders were scored as SFCs.
Tetramer preparation and staining. Tetrameric HLA-A*0201-peptide complexes (tetramers) containing RI-10 (RLYQNPTTYI), KI-10 (KLYQNPTTYI) or GL-9 (GILGFVFTL) were prepared by using a previously described method (Sourdive et al., 1998) . Briefly, a DNA sequence containing the BirA enzymic biotinylation site was added to the C terminus of HLA-A*0201 heavy chain or HLA-A*0201/H-2K b chimeric heavy chain, which was created by fusing human a1 and a2 domains to H-2K b mouse a3 domain. The entire construct was expressed in E. coli. Purified recombinant HLA-A*0201 or HLA-A*0201/H2 K b chimeric heavy chain containing the BirA site and human b2m were refolded with peptide RI-10, KI-10 or GL-9. The complexes were purified by chromatography using a Superdex G-200 size-exclusion column (Pharmacia) followed by Mono Q (Pharmacia) anion-exchange chromatography, and biotinylated using BirA enzyme (Avidity) as described previously (Altman et al., 1996) . The biotinylated complexes were assembled into tetramers by mixing biotinylated HLA-A*0201-peptide or HLA-A*0201/H2 K b -peptide complexes and phycoerythrin (PE)-labelled streptavidin (Biosource) at a molar ratio of 4 : 1. Murine splenocytes or human PBMCs were incubated at room temperature for 20 min in staining buffer [PBS with 0.1 % bovine serum albumin (Sigma) and 0.1 % sodium azide (Amresco)] containing PE-labelled tetrameric complex. Cells were washed twice with staining buffer and then incubated at 4 uC in staining buffer containing saturating amounts of FITC-labelled anti-CD8 mAb (Becton Dickinson). Samples were detected by flow cytometry as described above. Tetramer + cells gated from CD8 + T lymphocytes were counted as epitope-specific CTLs.
X-ray crystallography. Proteins of RI-10 or KI-10 in complex with HLA-A*0201/b2m were prepared by refolding as described above and purified by gel filtration with Superdex 75 and then Superdex 200 (Amersham Pharmacia Biotech) chromatography. The initial crystals were obtained from vapour-diffusion hanging drops containing equal volumes of protein [10 mg ml 21 ; 25 mM 2-(Nmorpholino)ethanesulphonic acid (MES), pH 6.5] and 16 % polyethylene glycol 6000 in 25 mM MES (pH 6.5). The diffractable crystals were obtained by subsequent microseeding. For data collection, the crystals were soaked in reservoir solution supplemented with 20 % glycerol, flash-cooled and maintained at 100 K in a cryostream. The data were collected on a Rigaku R-AXIS IV++ image plate with a Rigaku MM007 rotation Cu K a rotating anode in the house X-ray generator at 40 kV and 20 mA (l51.5418 Å ). The data were scaled using the HKL2000 suite of programs (HKL Research Inc.). The structures were solved by the molecularreplacement method (PDB accession no. 1JF1) using the Phenix program suite (Zwart et al., 2008) .
